Midnight-to-midnight average pollutant concentration has been widely used as the exposure index in many epidemiological studies. This index, however, does not take account of the variability of time of death, because it simply takes 24-h average concentration from midnight to midnight, and this is equivalent to assuming that all deaths happened at the end of the day. This assumption is clearly inappropriate in the real situation, and might be a significant information bias in the exposure assessment. In order to take account of the variability of time of death, a new exposure index, the number-ofdeath-weighted 24-h average, is introduced in this study. This new index is calculated for each subject by taking 24-h average concentration preceding the time of death. In this study, this new index is applied to the suspended particulate matter (SPM) exposure assessment in Japan, and compared with the result obtained from the conventional index, the midnight-to-midnight average. There are quite large differences in the SPM average concentration between these two indices. Moreover, risk ratio calculated by the new index at time lag 0, where the mortality data and the average concentration data on the same day are used, is a lot larger than that obtained by the conventional one. In addition to the difference in its magnitude, time lag structure (from 1-5 days) also shows the different patterns between these two indices. This study suggests that the conventional exposure index, the midnight-to-midnight average, may evaluate the risk of SPM incorrectly, because of its inadequacy of capturing the temporal variability.
Introduction
Because of increasing public concern about air pollution, many researches on an association between air pollutant and its adverse health effect have been conducted. Particulate matter (PM) is one of the airborne pollutants that are widely studied all over the world, and many epidemiological studies have demonstrated an association between its concentration and daily mortality Schwartz and Dockery, 1992; Katsouyanni et al., 1997; Peters et al., 2000; Samet et al., 2000a) . Our group also reported a relationship between suspended particulate matter (SPM: particles whose diameter is less than 10 mm) and daily mortality in 13 major cities in Japan (Omori et al., 2003) .
In most studies, simple midnight-to-midnight average pollutant concentration has been used as the exposure index.
This exposure index, however, may fail to detect the effect of short-term temporal variation in pollutant concentration on mortality, as the index simply takes 24-h average from midnight to midnight, and this is equivalent to assuming that all deaths happened at the end of the day. This assumption is clearly inappropriate in the real situation and may cause significant information bias in the exposure assessment. However, the effect of temporal variation on the exposure index has not been discussed so far. Therefore in this study, we focus on this issue and introduce the new exposure index, the number-of-death-weighted 24-h average.
The number-of-death-weighted 24-h average is obtained by taking 24-h average concentration preceding the time of death for each case. This new index enables us to take into account the variability of time of death and to examine the effect of shortterm variation on mortality. In this study, this index is applied to the SPM exposure assessment in Japan. Due to the effort of the Ministry of Health, Labour and Welfare, and National Institute for Environmental Studies in Japan, hourly mortality data and air pollution data are available at all cities in Japan. We used these data sets in order to calculate the new exposure index and compared the result with that obtained from the conventional index, the midnight-to-midnight average.
Methods

Data
In this study, we selected the same data that was used in our previous study (Omori et al., 2003) to demonstrate the difference between these two indices. Mortality data were obtained from the Ministry of Health, Labour and Welfare, air pollutant data from the National Institute for Environmental Studies, and meteorological data from the Japan Meteorological Agency. We used the mortality data, which is collected from 1990 to 1994 in 13 major cities in Japan (Tokyo, Osaka, Yokohama, Nagoya, Kyoto, Kobe, Sapporo, Kitakyushu, Fukuoka Hiroshima, Kawasaki, Sendai, and Chiba) for residents whose age is over 65 years.
In this study, we examined following three causes of death: all causes other than accidents, respiratory diseases, and cardiovascular diseases. Residential area of subjects was assigned based on their home address rather than where they died. The concentration of five air pollutants, suspended particulate matter (SPM), sulfur dioxide (SO 2 ), nitrogen dioxide (NO 2 ), carbon monoxide (CO), and oxidant (Ox), and two meteorological factors, temperature and relative humidity, were used to calculate the risk ratio.
In order to obtain the accurate average concentration, we only used the cases in which there were more than 20 hourly concentration records within 24-h-period preceding the death.
Exposure Indices
The new exposure index, the number-of-death-weighted 24-h average, is given by
where x k,ij is the concentration of air pollutant k, and y ij is the number of deaths at hour j on day i. y i is daily mortality given by the following formula.
This index x ð1Þ k; i provides the exact 24-h average preceding the death for each case. On the other hand, the conventional method, the midnight-to-midnight average, is given by the following formula.
This average provides the 24-h average from 0:00 to 24:00 at day i, and was widely used as exposure index in many daily mortality studies.
In Figure 1 , we illustrate images of the number-of-deathweighted 24-h average and the midnight-to-midnight average. Obviously, the number-of-death-weighted 24-h average produces more accurate 24-h exposure than the midnight-tomidnight average.
Statistical Analysis
In order to calculate the risk ratios for each city, the daily mortality, y i , is modeled by using the generalized additive model (GAM) with log link function. In the model, a logarithm of the mortality is expressed as the function of the concentration of SPM and the other cofactors, such as, the concentrations of the other air pollutants, temperature, and relative humidity. Following formula shows the GAM model used in this study.
where A 1 -A 6 are estimated parameters, and SPM i , SO 2i , NO 2i , CO i , Ox i , Temp i and Humi i are variables that correspondent to x ð1Þ k; i or x ð2Þ k; i. Exposure index for daily mortality study Ono et al.
Therein, concentrations for air pollutants and relative humidity (Humi i ) are treated as linear term, whereas the temperature (Temp i ) as non-linear smooth functions. When using the model, risk ratios of SPM for each city are obtained as exp(A 1 ). Then, the summarized risk ratio is calculated using the meta-analysis technique with random effect model proposed by DerSimonian and Laird (1986) .
In order to analyze the effect of the time lag, we calculated the risk ratio using the five different time lags (from 1-5 days).
The details of these calculation methods were explained in our previous study (Omori et al., 2003) . For the calculation, the SAS statistical software package version 8.2 (SAS Institute Inc., NC, USA) was used.
Result
Difference in SPM Concentration Between Two Exposure Indices
In Figure 2 , we show the distribution of the difference in 24-h average SPM concentration between the number-of-deathweighted 24-h average and the midnight-to-midnight average. This figure indicates that about 40% of data show the gap of more than 10 mg/m 3 . This figure is based on the mortality data classified as all causes other than accident in Tokyo, but the distributions of the difference between these two indices are quite similar in the other locations and in other causes of death (not shown in figure or table).
Risk Ratios
In Figure 3 , we show the risk ratio and time lags from lag 0 to lag 5 for the mortality data classified as all cases other than accident, respiratory disease, and cardiovascular disease. At lag 0 where the mortality data and the 24-h concentration on the same day are used, risk ratios calculated by the numberof-death-weighted 24-h average concentration are larger than those obtained by the midnight-to-midnight average concentration for all three types of mortality data. The risk ratios obtained by the number-of-death-weighted 24-h average concentration are 1.0065, 1.0103, and 1.0071 for the mortality data classified as all causes other than accident, respiratory disease, and cardiovascular disease, respectively. On the other hand, those obtained by the midnight-tomidnight average concentration are 1.0049, 1.0072, and 1.0054.
In addition to the magnitude of the risk ratio, the lag structure also shows the different pattern between these two indices. For all three types of mortality data, the risk ratios obtained by the number-of-death-weighted 24-h average have their peaks at lag 0. On the other hand, the risk ratios obtained by the midnight-to-midnight average reach their peaks at lag 1.
Discussion
Although many studies on exposure assessment of the air pollutants have focused on the validity of the spatial representation such as locations where the subjects exposed, that of the temporal representation, the effect of temporal misclassification of the exposure index, has not been discussed.
As we have shown in Figure 2 , the difference between two exposure indices is quite large, about 40% of data show the gap of more than 10 mg/m 3 and the largest difference reaches 106.7 mg/m 3 . This indicates that the new exposure index, the number-of-death-weighted 24-h average, leads the significantly different results. The effects of the choice of the exposure index are exemplified in the results shown in Figure 3 .
In Figure 3 , we show the risk ratio and time lag for three different types of mortality data, all causes other than accidents, respiratory diseases, and cardiovascular diseases. This result shows the difference of magnitude of the risk at lag 0 and the completely different time lag structure between Figure 2 . Distribution of the difference in daily average SPM concentration between the number-of-death weighted 24-h average and the midnight-to-midnight average. two exposure indices. At lag 0, risk ratios calculated by the number-of-death-weighted 24-h average concentration are larger than those obtained by the midnight-to-midnight average concentration. This result indicates that our previous study underestimated the magnitude of the risk of SPM exposure at lag 0 for all three categories of death. Figure 3 also shows the different lag structure between these two indices. Risk ratios obtained by the number-ofdeath-weighted 24-h average concentration have their peaks at lag 0. On the other hand, in our previous study, in which the midnight-to-midnight average was used, risk ratios reached their peaks at lag 1. Many studies (Peters et al., 2000; Samet et al., 2000b; Dominici et al., 2003) also reported the same lag pattern as our previous study. Dominici et al. (2003) showed that in the lag structure, the effect of PM 10 on mortality was greatest at lag 1, and that this effect remained for total mortality, cardiovascular diseases, and respiratory diseases in the updated analysis of the 90 US cities previously studied. This disagreement of the lag structure suggests that risk ratio obtained by the midnight-to-midnight average concentration possibly leads the biased estimate of the temporal variability of the risk of SPM.
As we demonstrated above, estimation of the risk ratio is sensitive to the choice of the exposure index. Two different exposure indices, the number-of-death-weighted 24-h average concentration and the midnight-to-midnight average concentration, lead completely different result not only of the magnitude of the risk ratio at lag 0 but also of its temporal variability. These results suggest that using the midnight-tomidnight average concentration as exposure index might be the serious information bias, and we have to pay more attention to the choice of exposure index, especially when fine data are available.
